On the changing petroleum generation properties of Alum Based on pyrolysis experiments, uranium content is positively correlated with the gas-oil ratios and 27 the aromaticities of both the free hydrocarbons residing in the rock and the pyrolysis products from its 28 kerogen, indicating that irradiation has had a strong influence on organic matter composition overall 29 and hence on petroleum potential. The Fourier Transform Ion Cyclotron Resonance mass 30 spectrometry data reveal that macro-molecules in the uranium-rich Alum Shale samples are less 31 alkylated than less irradiated counterparts, providing further evidence for structural alteration by α-32 particle bombardment. In addition, oxygen containing-compounds are enriched in the uranium-rich 33 samples but are not easily degradable into low-molecular-weight products due to irradiation-induced 34
On the changing petroleum generation properties of Alum 1. Introduction
52
The potential role played by uranium in petroleum generation, mainly through α-particle 53 bombardment of organic matter, was recognised nearly a century ago (Lind and Bardwell, 1926) . 54
Experimental data showed that fatty acids can be decarboxylated by α particle radiation at 130 o C to 55 form hydrocarbons (Sheppard and Burton, 1946) . A correlation between uranium concentration and 56 oil yield in the Chattanooga Shale was presented by Swanson (1960) . Later, it was found that the total 57 organic carbon (TOC) content is generally positively correlated to uranium content in petroleum 58 source rocks (Leventhal, 1981; Swanson, 1961) , and this finding is routinely applied in using spectral 59 gamma-ray logging to delineate the occurrence of organic-rich shales (Schmoker, 1981; Serra, 1983) . 60
Uranium irradiation can also influence the characteristics of sedimentary organic matter. The 61 reflectance of vitrinite in humic coal can be enhanced by the radiolytic effects from uranium decay 62 (Breger, 1974) . The atomic H/C and O/C ratios, which are used to define the kerogen type and thermal 63 maturity (Durand and Espitalié, 1973), were also suggested to be affected by uranium-related 64 irradiation (Pierce et al., 1958) . Leventhal and Threlkeld (1978) showed that While these investigations provided a fundamental understanding of the influences of uranium 73 irradiation on petroleum generation, several key issues are still under debate. 74
(1) The actual processes changing Hydrogen Index (HI), Oxygen Index (OI) and T max in uranium-rich 75 samples are not clear. For example, Forbes et al. (1988) and Landais (1996) reported that OI and T max 76 values of vitrinite in the Akouta uranium deposit (Niger) tend to be increased by increasing uranium 77 contents. In contrast, very low OI values have been reported for the uranium-rich Alum samples 78 (Schulz et al., 2015) , and Dahl et al. (1988a) suggested that T max is inversely proportional to uranium 79 content. 80
Thermal analysis 143
Rock-Eval pyrolysis and TOC measurements were performed using Rock-Eval 6 and Leco SC-632 144 analysers, respectively, following established procedures. Open system pyrolysis and 145 thermovaporisation were performed using the Quantum MSSV-2 Thermal Analysis System interfaced 146
with an Agilent GC-6890A gas chromatograph ( MSSV glass capillary tubes, which were then sealed using a hydrogen flame. After introduction into the 152 Quantum MSSV-2 Thermal Analysis System, the external surfaces of the tube were purged for five 153 minutes at 300°C, during which time volatiles were mobilised within the tube and outer surfaces were 154 cleaned; thereafter the tube was cracked open using a piston device to transfer the volatiles into a 155 liquid nitrogen-cooled trap. The composition of these volatiles was quantified as described under Py-156 GC. 157
FT-ICR MS

158
Based on screening data, four representative Alum Shale samples were Soxhlet-extracted using a 159 mixture of dichloromethane and methanol (v/v = 99:1). Mass analysis of the resulting bitumen 160 samples was performed in negative ion Electospray Ionisation (ESI) mode with a 12 T FT-ICR mass 161 spectrometer equipped with an Apollo II ESI source, both from Bruker Daltonik GmbH. Nitrogen was 162 used as drying gas at a flow rate of 4.0 L/min and at a temperature of 220 °C, and also acted as 163 nebulizing gas with 1.4 bars. The sample solutions were infused at a flow rate of 150 μL/h. The 164 capillary voltage was set to 3000 V and an additional collision-induced dissociation voltage of 70 V in 165 the source was applied to avoid cluster and adduct formation. Ions were accumulated in the collision 166 cell for 0.05 s and transferred to the ICR cell within 1 ms. Spectra were recorded in broadband mode 167 using 4 megaword data sets. For each mass spectrum, 200 scans were accumulated in a mass range 168 from m/z 147 to 1000. 169
An external calibration was done using an in-house calibration mixture for ESI negative mode 170 containing fatty acids and modified polyethylene glycols. Subsequently, each mass spectrum was 171 internally recalibrated using known homologous series. A quadratic calibration mode was chosen for 172 all samples. The RMS errors of the calibrations were between 0.001 and 0.031 ppm. Elemental 173 formulae were assigned to the recalibrated m/z values with a maximal error of 0.5 ppm.
Results
175
Screening data 176
The uranium contents in the Alum Shale are highly variable, ranging from 11 ppm to 413 ppm ( Table  177 1). The Middle Cambrian samples are generally lower in uranium compared with Upper Cambrian and 178
Lower Ordovician Alum Shale samples (Table 1) . 179
With total organic carbon (TOC) contents greater than 4.0 wt.%, except for sample UCm-9 which 180 contains 3.0 wt.% (Table 1) , most of the analysed Alum Shale samples can thus be viewed as 181 "excellent" source rocks from the perspective of organic richness (Hunt, 1961; Peters and Cassa, 1994) . 182
The correlation between uranium and TOC contents is poor (Table 1) , as also found in a more 183 comprehensive study with more than 300 Alum Shale samples (Schovsbo, 2002) . 184
The T max value of sample LO-9 from Ottenby, Southern Sweden ( (Table 1 ). The maturity trend based on T max data is 187 generally in accordance with the regional maturity map based on the reflectance of vitrinite-like 188 macerals (Fig. 1) . This furthermore implies that the investigated samples are not influenced by 189 volcanic intrusions which locally occurred in Carboniferous-Permian times (Motuza et al., 1994; Obst, 190 2000) . 191
In the pseudo-van Krevelen diagram, seemingly kerogen Types I, II, III, and IV occur in the Alum Shale 192 (Fig. 2a) . These kerogen classifications are, however, in conflict with the marine depositional 193 environment of the Alum Shale (Thickpenny, 1984 for those with uranium contents higher than 100 ppm (Fig. 2b) . Sixteen representative samples were pyrolyzed and gave significantly different pyrolysates (Table 2) . 204
Open pyrolysis-GC and thermovaporisation-GC
The uranium-poor sample (MCm-1, U=14 ppm), which can be viewed as "typical" marine shale from 205 the perspective of uranium concentration, generates short (C 1 -C 5 ), intermediate-(C 6 -C 14 ) and long-206 chained (C 15+ ) hydrocarbons dominated by doublets of n-alk-1-enes and n-alkanes (Fig. 3a) . With 207 increasing uranium contents, the pyrolysates contain fewer aliphatic components and are 208 characterized by increasing contents of aromatic compounds. This can be seen for sample LO-3 209 (U=244 ppm) where the oil-range pyrolysates almost exclusively consist of aromatic compounds (Fig.  210 3). For all samples, the gas percentages and aromaticity of the pyrolysates appear to be exponentially 211 controlled by the uranium content ( Fig. 4a and b) . 212
At least two groups can be identified when plotting the pyrolysate data in classical ternary diagrams 213 (Fig. 5) . The organic matter in all Middle Cambrian samples and in one Lower Ordovician sample (LO-9), 214 both lean in uranium and characterised as kerogen Type II based on Rock-Eval data, have the potential 215 to generate Paraffinic-Naphthenic-Aromatic oil with low wax contents (Fig. 5a ). On the other hand, the 216 pyrolysates generated from uranium-rich Alum Shale samples are dominated by gaseous and aromatic 217 compounds and fall in the Type III field (Fig. 5) . The presence of Type III kerogen is here ostensibly 218 associated with either redox conditions during deposition or organic-inorganic interactions, but not to 219 the presence of terrigenous organic matter. Because no terrestrial plant was developed as early as 220
Lower Ordovician time and, unsurprisingly, phenol and cresol which are dominant compounds in Type 221 III lignocellulosic terrigenous organic matter pyrolysates (Larter, 1984 ; Van de Meent et al., 1980) are 222 essentially absent from the pyrolysates (Fig. 3a) . 223
The gas to oil ratio (GOR) and the o-xylene/n-nonane ratio resulting from Tvap analyses are also 224 proportional to uranium content ( Fig. 3b and Fig. 4c and d) . The high sensitivity of the Tvap derived 225 GOR to weathering and storage conditions might partly explain some inconsistencies in the 226 correlations. Furthermore, a GOR threshold between 5.5 and 6.9 is seemingly reached in the Tvap 227 experiments (Fig. 4c) . This value might define the maximum gas storage capacity of finely powdered 228 samples. 229 In this study, total extracts from four representative Alum Shale samples were analysed. The relative 239 total monoisotopic ion abundance (TMIA) of each NSO class was calculated by normalizing the peak 240 area to the total area. Oxygen-containing compounds, which are mainly compounds with a hydroxyl 241 group in O 1 class (Walters et al., 2015) and carboxylic acids in O 2 class (Shi et al., 2010) , are enriched in 242 the uranium-rich samples (Fig. 6 ) despite low OI (Table 1 ). Significant differences can also be found in 243 the nitrogen class distributions (Fig. 6 ), i.e., the nitrogen-containing group exclusively consists of the 244 N 1 class in the uranium-rich samples (LO-6 and UCm-1), while the N 2 classes only occur in the uranium-245 poor samples (LO-9 and MCm-2). The DBE distribution of sample LO-9 extends to values that are higher than seen in the other three 255 samples, especially compounds with DBE < 9 were not detected in this sample (Fig. 7) . Much more 256 pronounced differences are reflected by the carbon number distribution (Fig. 7) which denotes the 257 degree of alkylation of the core structure. The carbon numbers range to higher values in the uranium-258 poor samples ( Fig. 7a and b) compared with samples with higher uranium contents ( Fig. 7c and d) . In 259 the case of DBE 9, sample UCm-1 (U=155 ppm) contains up to 27 carbon numbers (Fig. 7d) , which 260 means that a maximum of 15 saturated carbon atoms are attached to the core structure of carbazole 261 (C 12 H 9 N). In contrast, the alkylation degree for the carbazoles in sample LO-9 (U=33 ppm) is much 262 more pronounced, with carbon numbers as high as 36 (Fig. 7a) . increased O/C ratios (Pierce et al., 1958 ). In the current study, the uranium content is probably not 268 the exclusive controlling factor of the HI and OI values in the investigated samples ( Fig. 2a) as OI is not 269 necessarily high when the sample is rich in uranium (Table 1) Middle Cambrian samples and sample LO-9 with relatively low uranium contents are predicted to 274 produce Paraffinic-Naphthenic-Aromatic Low Wax petroleum upon natural maturation, in accordance 275 with most classical Type II marine source rocks (Horsfield, 1989) . In stark contrast, the pyrolysates of 276 the uranium-rich samples are extremely rich in gas and aromatic compounds ( e.g., Chlorella marina, can yield aromatic-rich hydrocarbons (Derenne et al., 1996) . However, the 290 investigated Lower Ordovician samples have been documented as having similar palaeo-biota yet yield 291 very different pyrolysates depending on the uranium contents ( Fig. 4a and b) . The robust correlations 292 between uranium concentrations and key pyrolysate parameters substantiate the hypothesis that 293 irradiation is the major control of the Alum Shale products. Furthermore, pyrolysates of samples with 294 decreasing uranium contents are similar ( Fig. 4a and b) , leading to the conclusion that the original 295 kerogen structure of all Alum Shale samples is essentially uniform. 296
FT-ICR MS
The vitrinite reflectance of humic coal increases due to the initiation and propagation of crosslinking 297 reactions by uranium irradiation, irrespective of the geological heating (Breger, 1974) . Similarly, 298
Forbes et al. (1988) and Landais (1996) suggested that the T max of vitrinite in the Akouta uranium 299 deposit (Niger) increases when the uranium content is high. However, the inverse correlation between 300 T max and uranium contents observed here in the Alum Shale is in accordance with previous findings by 301 It is important to note that the free hydrocarbons in the Alum Shale are quantitatively limited, 312 especially from the uranium-rich samples, as revealed by the low S1 values (Table 1) . Nevertheless, the 313 fit between pyrolysis results and Tvap products (Fig. 5) suggests that the uranium irradiation effect on 314 compositional variation is not limited to laboratory experiments but is also effective in nature. The aforementioned factors play only a very minor role, if any, in determining the composition of 326 oxygen-containing compounds in the Alum Shale for the following reasons: 1) The Alum Shale was 327 deposited in a fully marine environment that predates the evolution of terrestrial plants. This implies 328 that source type variation played a very minor role in the oxygen compound variations. 2) Samples LO-329 6 and UCm-1, which are borehole samples (Table 1 ) and therefore less prone to being biodegraded, 330 have a high oxygen content, whereas the outcrop samples (LO-9 and MCm-2), being most susceptible 331 to weathering effects, have low oxygen contents (Fig. 6) . excluded. Although the uranium-rich samples tend to generate more aromatic products during 352 pyrolysis, the aromaticity of the bitumen is not correlated with uranium content (Fig. 7c and d) . The atomic pile (an early type of nuclear reactor) radiation of petroleum revealed that paraffins are 354 converted into an insoluble gel after a certain dose of radiation has been reached (Charlesby, 1954 Kribek et al. (1999) . However, the pyrrolic nitrogen 360 compounds in the Alum Shale extracts are not obviously aromatised in the uranium-rich samples (Fig.  361   7c and d) . This could imply that cross-linking, rather than aromatisation, is the primary reaction path 362 responsible for the low bitumen extractability in uranium-rich Alum Shale samples. 363 uranium-rich samples not only depicts the kerogen structure but may also explains why these samples 373 tend to generate gaseous products instead of long-chained compounds (Fig. 5a) . uranium-rich Alum Shale has to be evaluated carefully, with due consideration of the source rock in its 393 present state versus that of the same shale prior to extensive radiation damage. Specifically, the 394 kerogen in the investigated Alum Shale samples has undergone irradiation for 478-500 Myr, and must 395 have been compositionally and structurally different from that which underwent the phase of major 396 petroleum generation in the basin centre beginning in the Early Devonian. 397
Radiation dosage 398
The most common isotopes of natural uranium are half-life, making the curvature of the exponential curve extremely small (Fig. 8) . Therefore, the decay 404 can be roughly viewed as linearly correlated with time, i.e., the rate of decay in the Alum Shale is 405 considered constant. 406 Whyte (1973) proposed that the radiation dosage (D) from a point source to a detector over time (t) 407 can be calculated by: 408
D=E×C×(S/4πr
2 ) × μ ×t 409 where E denotes the energy per decay (MeV) which is constant for 238 U; C describes the activity (Bq) of 410 decay and can also be viewed as a fixed rate as described above; S represents the area of the detector 411 and 4πr 2 is the area of a sphere with radius r, and thus the S/4 2 shows the probability that the 412 radiation will reach the detector; μ is the mass energy-absorption coefficient. 413
Although E, C, and μ in the formula can be constant values, it is impossible to accurately measure the 414 distance between a uranium atom and organic matter, especially the great heterogeneities of organic 415 and inorganic matter in the shale. Nevertheless, since the uranium in Alum Shale is primarily 416 accumulated in organic matter and phosphate nodules (Lecomte et al., 2017 ) and the spatial 417 relationship of uranium and organic matter is fixed through geological time unless a metamorphism 418 stage is reached (Cumberland et al., 2016), it can be concluded that the radiation dosage from 419 uranium in the sample is proportional to time. Furthermore, the cumulative effect of uranium 420 irradiation on kerogen structure within a shale sample is linearly correlated with both uranium content 421 and the time since shale deposition. 422
Kerogen reconstruction 423
The exponential relationships between uranium and pyrolysate parameters (Fig. 4a and b) imply that 424 the response of kerogen structure to irradiation is not linear. A labile kerogen structure can easily be 425 changed during the early stages; thereafter the altered structures would become less sensitive to 426 radiation and will reach equilibrium in the end. The response curves in Fig. 4a and b In the case of sample UCm-2 (U=413 ppm), the pyrolysate is characterised by a gas content of 98% 433
and an o-xylene content of 86% over the sum of 2,3-dimethylthiophene, n-nonene, and o-xylene 434 (Table 2) . With decreasing radiation dosage, i.e., less radiation time, the products from this shale 435 should be less rich in gaseous and aromatic compounds. One-dimensional burial reconstructions 436 presented by Kosakowski et al. (2010) indicate that the Alum Shale in the Baltic Basin centre started to 437 generate and expel petroleum from the Early Devonian, e.g., the Alum Shale in well A23-1/88 (Fig. 1)  438 was in the oil window from 420-340 Myr ago (Fig. 9) . Accordingly, the compositional information on 439 hydrocarbons generated during that time can be back-calculated, assuming that the kerogen structure 440 in sample MCm-1 (U=14 ppm) represents the original structure of sample UCm-2 prior to irradiation. 441
The gas and o-xylene contents are calculated as 88-91% and 66-73 %, respectively (Fig. 9) , which are 442 still high for typical marine shales (Fig. 5) . When petroleum generation started in Devonian times, the 443 Alum Shale had experienced about 1/5 of the total exposure to radiation compared with samples 444 today, but the extent of kerogen alteration was more advanced, due to the exponential response of 445 the kerogen structure to irradiation dosage. This method can also be applied to samples with lower 446 uranium contents, and the products inferred to have formed back in Palaeozoic times must have been 447 more oil-rich and aliphatic than those from sample UCm-2. 448 happened, the gas retention capacity of the Alum Shale kerogen would have been much smaller than 455 the values suggested by adsorption experiments and much more gas could have been lost as a result 456 of the tectonic uplifts than previously thought. Therefore, the experimental data based on the Alum 457
Further implications
Shale samples today should only be used as the upper limit of gas adsorption capacity in resource 458
estimates. 459
The uranium irradiation effects causing changes in the distribution of triaromatic steroids biomarkers 460 high-molecular triaromatic steroids. These overall findings imply that the soluble aromatic biomarkers 467 are much more sensitive to uranium irradiation than the solid kerogen structure. 468
In addition, the changes in organic matter composition in response to irradiation as outlined here can 469 also be instructive for extra-terrestrial research in which strong radiation is ubiquitous (Allen et al., 470 1998), and also for the evaluation of the long-term impact of uranium waste disposal in shales 471 and o-xylene percentage curves are based on the correlation curves in Fig. 4a and b, respectively. 815
Pyrolysates from sample MCm-1, which has the lowest uranium content and a similar maturity as 816 sample UCm-2, were set as the left end members of these two curves. 817 818
819
Supplement Figure. Py-GC traces of sample UCm-1 (U=155 ppm) before and after demineralisation. 820
The pyrolysates resemble and imply that the high-gas and high-aromatic production from the Alum 821 Shale were not caused by a mineral catalytic effect. 822 823
